Wild-type Aspergillus oryzae RIB40 contains two copies of the AO090005001597 gene. We previously constructed A. oryzae RIB40 strain, RKuAF8B, with multiple chromosomal deletions, in which the AO090005001597 copy number was found to be increased significantly. Sequence analysis indicated that AO090005001597 is part of a putative 6,000-bp retrotransposable element, flanked by two long terminal repeats (LTRs) of 669 bp, with characteristics of retroviruses and retrotransposons, and thus designated AoLTR (A. oryzae LTR-retrotransposable element). AoLTR comprised putative reverse transcriptase, RNase H, and integrase domains. The deduced amino acid sequence alignment of AoLTR showed 94% overall identity with AFLAV, an A. flavus Tf1/sushi retrotransposon. Quantitative realtime RT-PCR showed that AoLTR gene expression was significantly increased in the RKuAF8B, in accordance with the increased copy number. Inverse PCR indicated that the full-length retrotransposable element was randomly integrated into multiple genomic locations. However, no obvious phenotypic changes were associated with the increased AoLTR gene copy number.
Introduction
A transposable element is a DNA sequence that can change its relative position within the genome of a single cell. Transposable elements are assigned to one of two classes, depending on their mechanism of transposition; they can be described as either copy and paste (class I) or cut and paste (class II). Class I elements, known as retrotransposons, are retrovirus-like DNA parasites associated with host eukaryotic genomes, which replicate through an RNA intermediate and integrate into multiple genomic loci, exerting great influence on the genome structure and function. In contrast, class II elements, known as DNA transposons, do not involve an RNA intermediate, and transpose by a cut-and-paste mechanism directly through a DNA form (Daboussi, 1996; Daboussi and Capy, 2003) .
There are three main types of retrotransposons: long terminal repeats (LTRs), long interspersed nuclear elements (LINEs), and short interspersed nuclear elements (SINEs). Among these, the Ty3/gypsy group of LTR retrotransposons has been found in a wide range of filamentous fungi, and Tf1/sushi represents a subgroup of the Ty3/gypsy family (Butler et al., 2001) . Although some fungal LTR-retrotransposons have been reported, their ability to transpose has rarely been proven. However, the LTR-retrotransposon Maggy, from Magnaporthe grisea, has been identified by transposon tagging and shown to transpose (Farman et al., 1996) . In addition, CfT1 from Cladosporium fulvum is assumed to be active, because it is transcribed into an RNA that is packaged in virus-like particles containing reverse transcriptase (McHale et al., 1992) . Other LTR-retrotransposons, such as Grasshopper from M. grisea (Dobinson et al., 1993) , skippy from Fusarium oxysporum (Anaya and Roncero, 1995) , Boty from Botrytis cinerea (Diolez et al., 1995) , Afut from Aspergillus fumigatus (Neuveglise et al., 1996) , MarY1 from Tricholoma matsutake (Murata, 2000) , and Tcn1 from Cryptococcus neoformans , also belong to the Tf1/sushi subgroup, but their transposition activities have not been confirmed. Aspergillus oryzae is an important filamentous fungus in the fermentation industry and for commercial enzyme production. No sexual life cycle has been reported in A.
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Discovery and analysis of an active long terminal repeat-retrotransposable element in Aspergillus oryzae (Received August 8, 2013; Accepted September 12, 2013) Feng Jie Jin,* , , Seiichi Hara, Atsushi Sato, and Yasuji Koyama Noda Institute for Scientific Research, 399 Noda, Noda 278 0037, Japan oryzae, and it is therefore difficult to identify the genes involved in the industrially important pathways by classical genetic analysis. According to the genome sequencing database (Machida et al., 2005) , several retrotransposons and a DNA transposon have already been identified in the A. oryzae RIB40 strain, and although some of them are known to be transcribed, their transposition activities have not yet been detected (Ogasawara et al., 2009 ). However, an active class II DNA transposon, Crawler, has been isolated from an industrial strain (OSI1013) of A. oryzae (Ogasawara et al., 2009) .
In a previous study, we constructed a multiple chromosomal deletion mutant from A. oryzae RIB40 (Jin et al., 2010; Hara et al., 2012) and identified a gene, AO090005001597, the copy number of which was significantly increased in this strain. In the current study, we further verified that the AO090005001597 gene is a part of an A. oryzae LTR-retrotransposable element (AoLTR), which is a novel class I LTRretrotransposable elements in the A. oryzae RIB40 strain. The integration of multiple copies of the AoLTR in RKuAF8B was confirmed by Southern blot analysis.
Materials and Methods
Fungal strains and media. The A. oryzae wild-type strain RIB40 was used as a DNA donor, and the mutant RkuN16ptr1, RkuAF7B, and RkuAF8B strains (Jin et al., 2010; Hara et al., 2012) (Table S1 ) were used for transposition analyses. DPY medium (2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% KH 2 PO 4 , and 0.05% MgSO 4 7H 2 O) was used for the liquid cultivation of A. oryzae strains. Genomic DNA extraction and PCR amplification. Approximately 10 5 conidia of A. oryzae RIB40 were grown in 10 ml DPY liquid medium at 30 C with shaking (135 rpm) for 20 24 h. The mycelium was collected by filtration, washed with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), frozen in liquid nitrogen, and then ground with a mortar and a pestle. To extract genomic DNA, frozen mycelial powder was suspended in 600 µl Nuclei Lysis Solution (Promega, Madison, WI) , and incubated at 65 C for 15 min with occasional mixing. Total genomic DNA was treated with RNase A at 37 C for 30 60 min and then mixed with 200 µl protein precipitation solution (Promega) to remove the protein. After centrifugation, the supernatant was further purified using phenol : chloroform : isoamyl alcohol (25 : 24 : 1). Following ethanol precipitation, the purified DNA was dissolved in 50 µl TE buffer, and then subjected to PCR or Southern blot analysis. Using the extracted genomic DNAs as templates, an almost full-length open reading frame of AoLTR was amplified by PCR using the primer pair SC005_4273814F: AGACTCCGGT CAAGAACACTCC and SC005_4279774R: CAGCTGATG GATGACCCTTCCT, and Ex-Taq DNA polymerase (TaKaRa Bio, Kyoto, Japan). The PCR program was as follows: 2 min at 94 C, then 30 cycles of 10 s at 98 C, 30 s at 56 C, and 6 min at 68 C. Array comparative genomic hybridization (aCGH) and real-time PCR. DNA microarrays were purchased from Agilent Technologies (Santa Clara, CA). Genomic DNAs were extracted and sheared by sonication (UCD-250, Cosmo Bio, Tokyo, Japan), fluorescently labeled with Cy3/Cy5-dUTP and hybridized according to the Agilent array CGH protocol. After hybridization for 24 h at 65 C, the array slide was washed at 37 C. Finally, the DNA microarray slide was scanned using an Agilent scanner (Agilent Technologies) and data were extracted using Agilent Feature Extraction Software. Real-time PCR was performed for AoLTR using the primer pair SC005_4279609F: CGAGTCAATGGG AAACCGCACTACC and SC005_4279709R: AGCTGGTG GCAGCCCGTCAA. alpA (alkaline protease-encoding gene), as an endogenous reference gene, was amplified using the primer pair SC003_2792743F: CAGGCGGTGGCTAC TCTAAG and SC003_2792958R: CTCTTCTGGATAGCG GCAAC. PCR analysis was performed with 300-nM primers using the Brilliant II Fast SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA) and an Mx3000P instrument (Stratagene). Southern blot hybridization. Southern hybridization was performed as described previously (Takahashi et al., 2004) . Genomic DNAs were digested with EcoRI or EcoRV. Each digested DNA was separated on a 0.8% (w/v) agarose gel and transferred onto Hybond-N+ membrane (GE Healthcare Bio-Sciences, Piscataway, NJ). Digoxigenin (DIG)-labeled probes were constructed using a DIG PCR labeling kit (Roche Diagnostics, Mannheim, Germany). Hybridization and signal detection were performed using a DIG system according to the manufacturer s instructions (Roche Diagnostics). The primer pair SC005_4279167F: TAAAGT GGCAGGTGAGCCAAGA and SC005_4279920R: AGG AACTTGAGCGTCAAGAGCA was used to obtain a DIG-labeled probe to detect the LTR-retrotransposable element.
RNA isolation and quantitative reverse transcription (RT)-PCR analysis.
Total RNA was isolated from the strains grown under DPY liquid culture conditions using Isogen (Nippon Gene, Tokyo, Japan) and an RNeasy Kit (Qiagen, Hilden, Germany) according to the manufacturer s protocols. Total RNA was treated with DNase I (TaKaRa Bio) to remove chromosomal DNA. RT was performed using 1 µg of total RNA and SuperScript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) in accordance with the manufacturer s instructions. Quantitative real-time PCR was performed for AoLTR using the primer pair SC005_4279609F and SC005_4279709R, as described above. TEF1, as a reference gene, was amplified using the primer pair TMtef1FW and TMtef1RV (Jin et al., 2011) . Gene expression was analyzed with 300-nM primers using the Brilliant II Fast SYBR Green QPCR Master Mix (Stratagene) and a Mx3000P instrument (Stratagene). Cycle conditions were 2 min at 95 C and 40 cycles of 5 s at 95 C and 20 s at 60 C. The standard curve method was employed to quantify gene expression. The relative level of expression was determined by calculating the ratio of the target gene to the reference gene after amplification. All reactions were performed in duplicate, and the mixture included a negative, no-RT control. Inverse PCR and DNA sequencing. Inverse PCR was performed to validate the insertion locations of the LTRretrotransposable element in the chromosomes. Extracted genomic DNA was digested with KpnI or SacI, and then self-ligated using Ligation High (Toyobo, Osaka, Japan).
Using the ligation products as templates, PCR amplification was performed with the primer pair SC005_4279323R: TCCCTTTTCGTGGTGTCGGTTG and SC005_4279655F: GTACCTCAGAAAACTCATGGGAGC or SC005_4278234R: ATGATCAGGCCTTCGGCTCAAG and SC005_4279677F: GCCTATCGAGAATTTGACGGGCT. The PCR products were subcloned into the vector, pTA2 (Toyobo), and the generated plasmid was further used for DNA sequencing to investigate the chromosomal insertion locations. Using the method above mentioned, the inserted region of AoLTR C-terminus was determined. To further investigate the inserted region of N-terminus, we took the third copy as an example and the method is described as follows. According to the information of C-terminal inserted region, we designed the primer F1: CTCAACACTGCAACACTTAACCAC from the upstream region and primer R1: GTTCGTTCAA GATGTTTGCGCAG from the AoLTR N-terminus to amplify the PCR product. The generated PCR product was further subcloned into the vector and DNA sequencing was performed with primer R2: CTGCTGGATGACTGAGA AGAC (Fig. 3A) .
Results and Discussion

Discovery of multiple copies of a putative LTR-retrotransposable element in RkuAF8B mutant
In our previous study, we constructed a mutant, RkuAF8B, by deletion of multiple large chromosomal segments (Jin et al., 2010; Hara et al., 2012) . In this study, we found that the copy number of the AO090005001597 gene was five times higher in the obtained RkuAF8B compared to the RIB40, according to the results of aCGH (Table S2) .
Blast analysis showed that AO090005001597 was partially similar to a Tf1/sushi retrotransposon, AFLAV, from A. flavus (Hua et al., 2007) . However, AO090005001597 was only 2,989 bp in length, while the full-length AFLAV gene, as a LTR-retrotransposon, was 7,799 bp in length. It seems that a part of the LTR-retrotransposon ORF was predicted as the gene AO090005001597. Further analysis using the Augustus software (Stanke and Waack, 2003; Stanke et al., 2006) indicated that the AO090005001597 was included in a putative 6-kb retrotransposable element, flanked by two LTRs of 669 bp. The sequence between the two flanking LTRs was 7,987 bp in length and comprised the full-length LTR retrotransposon. This gene was designated as AoLTR. In addition, similar to the situation in some LTR retroelements (Butler et al., 2001) , it was predicted that the shift in transcription from ORF 1 to ORF 2 occurred by a-1 frameshift in AFLAV (Hua et al., 2007) . Alignment of the deduced amino acid sequence of the AoLTR gene showed 94% overall identity with that of the A. flavus AFLAV whole sequence, which contains ORF 1 and ORF 2 (Fig. S1) ; however, no frameshift was discovered in AoLTR. The LTR-retrotransposable element comprised putative reverse transcriptase, RNase H, and integrase domains, based on InterPro domain signatures.
Using the DOGAN A. oryzae genome database analyzed at the National Institute of Technology and Evaluation (Japan; http://www.bio.nite.go.jp/dogan/Top), two copies of the AoLTR gene were discovered (Hua et al., 2007) , located on chromosome 1 in SC005 (position 4,273,060 to 4,281,046) and chromosome 1 in SC009 (position 1,499,088 to 1,507,074) (Fig. 1A) . The two copies of the AoLTR gene differed by only one nucleotide, resulting in a 1,093th amino acid residue change (proline leucine). However, the copy in SC005 had two LTRs, which bounded both ends of the ORF, whereas the copy in SC009 had three LTRs, the third of which was located in the 2.7 kb downstream from the AoLTR gene. In addition, both ends of the LTR involved the palindromic sequence (TGTTAC GTAACA). The A. oryzae genome database includes 12 LTRs in the genome of the RIB40, most of which are identical to each other, and the remainder of which display high degrees of similarity (Table 1) . The LTRs included a short and a long LTR, of 618 and 686 bp, respectively. The short LTR showed internal deletion, while the long one showed internal duplication.
Confirmation of multiple copies of AoLTR gene in RkuAF8B strain
The increased AoLTR copy number in the RkuAF8B mutant was verified by real-time PCR, using alpA as an endogenous reference gene (Table S2 ). The copy number of the AoLTR gene was increased almost five times in the RkuAF8B compared to the RIB40, in accordance with the results of aCGH. This result was further supported by Southern blot analysis, using a DIG-labeled probe located in the ORF of the AoLTR gene. Two bands were detected in the wild-type RIB40 strain, while multiple bands were detected in RKuAF8B (Fig. 1B) . Interestingly, the gene was increased by one copy to three copies in the RkuN16ptr1 strain, then band shift occurred in the third copy in the RkuAF7B strain, and finally, the AoLTR copy number was significantly increased in RKuAF8B. In this result, it seems that the band signal of AoLTR in SC005 is stronger than that in SC009. On the other hand, the third band in RkuN16ptr1 and RkuAF7B is extremely weak. That is because the blotting efficiency of the large DNA fragment is relatively low in Southern blot analysis. In addition, the band signals of AoLTR in SC005 and SC009 of RkuAF8B are stronger than those in RIB40. It was considered that two or more bands of the same size were overlapped with the bands in SC005 and SC009 of RkuAF8B. Based on a copy number of two for the AoLTR gene in wild-type RIB40, the results of aCGH and real-time PCR indicate the existence of about 10 copies in the RkuAF8B strain. In addition to RkuAF8B, we also previously constructed an RkuAF8A strain, in which the AO090011000096 AO090011000104 region of chromosome 7 was deleted from the RkuAF7A strain (Jin et al., 2010) . Although the total deleted regions in RKuAF8A were 20 kb longer than those in RkuAF8B, multiple copies of AoLTR were not detected in RkuAF8A (Table S1) by Southern blot analysis (data not shown). Simultaneously, no additional copy of AoLTR was detected in the 3 mutant in which only the AO090011000096 AO090011000104 region of chromosome 7 was deleted (Jin et al., 2009 ). These results suggested that there was no direct relationship between the deleted regions and the integration of multiple copies of AoLTR. Since it was reported that various transposons had been activated under stress conditions, it is possible that the transposition of AoLTR could be enhanced under some kinds of stress conditions. Although we have not yet found such conditions, stress-induced transformation behavior possibly promoted the transposition activity of AoLTR.
Transcriptional activity of the AoLTR gene in RkuAF8B strain AFLAV has been reported to be polymorphic and displays multiple banding patterns of PCR products among different strains of A. flavus (Hua et al., 2007) . To verify if the full-length AoLTR was integrated into multiple genomic loci in RkuAF8B, PCR amplification was performed using primers designed near the ends of the AoLTR ORF ( Fig. 2A) . PCR products of the predicted size were produced in each strain, with no obvious internal sequence deficiencies in the multiple copies of AoLTR.
Because the AoLTR copy number was significantly increased in RkuAF8B, we also investigated its expression level. Quantitative RT-PCR indicated that the expression level of the AoLTR gene in RkuN16ptr1 was almost 1.5 times that of RIB40; the expression level of the AoLTR gene in RKuAF8B was also increased more than five times compared with RIB40 (Fig. 2B) . The expression level was thus in accordance with the copy number in RkuN16ptr1 and RKuAF8B, suggesting that the multiple copies of AoLTR (A) The full-length AoLTR ORF was detected by PCR amplification. The result implied that there were no internal deficiencies in the multiple AoLTR copies in RkuAF8B. (B) Relative expression level of the AoLTR gene in RKuAF8B. Tef1 was used as an endogenous reference gene.
(B)
retained efficient transcriptional activity.
Insertion positions of the LTR-retrotransposable element
The insertion regions of the LTR-retrotransposable element were further characterized by inverse PCR. In general, the restriction enzymes used for inverse PCR were selected through the Southern blot analysis (Fig. S2) . For inverse PCR, we consider selecting the restriction enzymes which can cut large fragments from the position of two retrotransposons derived from RIB40 so that the fragments are not easily PCR-amplified and cloned, while the size of other fragments derived from RkuN16ptr1, RkuAF7B, or RKuAF8B is short and easily perform the PCR amplification and cloning. Based on the result, KpnI and SacI were selected for further experiment. The insertion location of the third copy of the AoLTR gene was initially investigated in the RkuN16ptr1 strain. Genomic DNAs were digested with KpnI and the resulting fragments were self-ligated at the KpnI site. Using the ligation products as templates, PCR amplification was performed with the indicated primer pair SC005_4279323R and SC005_4279655F (Fig. 3A) , and the generated inverse PCR products in RkuN16ptr1 were subcloned into the vector, pTA2. The weak band signal of approximately 3 kb detected in RIB40 was regarded as a non-specific product, while the two bands of approximately 10 kb predicted in RIB40 were not amplified because of being too long. DNA sequencing analysis showed that the AoLTR gene was inserted into SC023 in chromosome 3 (position 639,873 to 639,205; Table 2 ). Interestingly, the integration occurred through homologous recombination with the same LTR sequence located at this position and a 909-bp sequence adjacent to the inserted region (position 640,782 to 639,874) had already been lost in RkuN16ptr1. Since RkuAF7B was derived from RkuN16ptr1 and RkuAF8B was from RkuAF7B (Jin et al., 2010; Hara et al., 2012) , the same sequence should be missing in both RkuAF7B and RkuAF8B. The results of Southern analysis also indicated that the band shift in the RkuAF7B strain occurred in the third band (Fig. 1) , while DNA sequencing implied that approximately 1 kb near the 3 end of the third copy of the LTR-retrotransposon disappeared in the RkuAF7B strain. In addition, we found that the inserted (A) Investigation of the insertion location of the third AoLTR copy. Genomic DNAs were digested with KpnI and the fragments were self-ligated. The arrows represent the primer pair sites of SC005_4279323R and SC005_4279655F, which were used for inverse PCR. The arrowheads indicate the positions of primers F1, R1, and R2, which were used to investigate the N-terminal inserted region of AoLTR. (B) Investigation of other insertion positions of retrotransposon in RkuAF8B. Genomic DNAs were digested with SacI and the fragments were self-ligated. The primer pair SC005_4278234R and SC005_4279677F was used for further inverse PCR. position of the third copy was located near the C-terminus of AO090023000249, the amino acid residues of which showed 39% identity with those of an A. fumigatus transposase. We also investigated other insertion positions of the AoLTR gene in RkuAF8B. Genomic DNAs digested with SacI were self-ligated and then used as templates for PCR amplification with the indicated primers (Fig. 3B ). An approximate 5 kb band which should appear in RKuAF7B was not produced for unknown reasons. The generated inverse PCR products in RkuAF8B were subcloned. According to the results of C-terminal sequencing, the N-terminal inserted regions were also investigated as we did the third copy, which was described in MATERIALS AND METHODS. The results of DNA sequencing indicated that, except for the third copy, the other additional copies of the AoLTR gene were randomly integrated at different chromosomal locations through non-homologous end joining. Their insertion locations are listed in Table 2 . In some of the sequences at least the two inserted regions were missing, accompanying the insertion of AoLTR. Interestingly, however, the increase in AoLTR copy number and the loss of some genomic sequences in these regions caused no apparent phenotypic changes. The sequences bordering the insertion positions were further examined, but no common characters or target site duplications were identified.
Although some transposable elements were known to be transcribed in A. oryzae RIB40, no transposition activity has previously been detected because of the relatively low copy number of transposable elements. In this study, we discovered an active LTR-retrotransposable element, AoLTR, in the A. oryzae RIB40 strain. The increase of two times in copy number, that is 2 copies to 3 copies and 3 copies to more copies (Fig. 1B) , strongly suggesting that AoLTR has transposition activity in RIB40. Although the reason for the increased number of copies of AoLTR remains unclear, further control of its activity may make this identified active transposable element a potentially useful tool for gene tagging. Table S1 . A list of strains used in this study. Table S2 . AoLTR Copy number variations analysis. Fig. S1 . Comparison of the deduced amino acid sequence of AoLTR with AFLAV of A. flavus. Alignment of the deduced amino acid sequence of AoLTR showed 94% overall identity with the sequence of AFLAV of A. flavus. The amino acid sequence of AoLTR in SC005 was used here for alignment. The arrowhead indicates the amino acid residue change position between two copies of the AoLTR gene in SC005 and SC009. Fig. S2 . Investigation of restriction enzymes for inverse PCR. The probe in Figure 1 was used here for Southern blot analysis.
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